The human gastric pathogen Helicobacter pylori (Hp) has been considered a microaerophile. However, we recently reported that, when supplied with 10% CO 2 , Hp growth is stimulated by an atmospheric level of O 2 , suggesting that Hp is a capnophilic aerobe. In this study, we investigated the effects of aerobic O 2 tension on Hp cells by comparing gene expression profiles of cultures grown under microaerobic and aerobic conditions in the presence of 10% CO 2 . The results showed that overall differences in gene expression in Hp cells grown under the two O 2 conditions were predominantly growth-phase-dependent. At 6 h, numerous genes were down-regulated under the aerobic condition, accounting for our previous observation that Hp growth was retarded under this condition. At 36 h, however, diverse groups of genes involved in energy metabolism, cellular processes, transport, and cell envelope synthesis were highly up-or down-regulated under the aerobic condition, indicating a progression of the cultures from the log phase to the stationary phase. The expression of several oxidative stress-associated genes including tagD, katA, and rocF was induced in response to aerobic O 2 level, whereas trxA, trxB, and ahpC remained unchanged.
Helicobacter pylori (Hp) is a human pathogen that resides in the mucus of the stomach and causes various gastric diseases. Hp is a spiral-shaped bacillus, but transforms to a viable but nonculturable coccoid form when exposed to atmospheric O 2 conditions [8, 29] . Therefore, it has been considered a microaerophilic bacterium since its discovery [15] . Hp uses both aerobic respiration and fermentation pathways [20, 23, 26, 28] . It also expresses a wide array of oxidative stress resistance enzymes including superoxide dismutase (SodB), catalase (KatA), peroxiredoxins, alkyl hydroxide reductase (AhpC), neutrophil-activating protein (NapA), DNA repair proteins (Nth, MutS, RuvC), the oxidized protein repair system (Msr), and the thioredoxin system (thioredoxin and thioredoxin reductase) (for a review, see Krieg and Hoffman [14] ). Despite these diverse antioxidant systems, Hp remains vulnerable to the toxicity of environmental levels of oxygen.
Because of the unique microaerophilic nature and clinical importance of Hp, its response to oxidative stress has been extensively studied. Most of these studies have focused on the growth profiles, cellular metabolism, and enzyme activity associated with oxidative stress [8, 9, 18, 19, 21, 30, 31] . Recently, genomic and proteomic studies have examined Hp responses to O 2 at the molecular level. Chuang et al. [7] compared the proteome profiles of two clinical strains grown under microaerobic and atmospheric conditions, reporting lower expressions of UreE and AhpC proteins under the atmospheric condition. The urease activity and proliferative ability of Hp cells exposed to this condition were markedly decreased at 8 h and completely lost at 36 h [7] . Another group also conducted a proteomic analysis of Hp exposed to oxidative stress and reported that Hp cells transformed into coccoid forms 24 h after exposure to hyperoxia [32] . In addition, microarray analysis was used to examine the differential gene expression of Hp cells grown under 21% O 2 tension [13] . However, these reports did not clearly state whether cells were supplied with CO 2 during the exposure to experimental oxidative stress conditions. In a previous study, we observed that CO 2 deprivation induced a stringent response in Hp within *Corresponding author Phone: +82-2-3408-3765; Fax: +82-2-3408-3334; E-mail: nglee@sejong.ac.kr Supplementary data for this paper are available on-line only at http:// jmb.or.kr.
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an hour, resulting in coccoid transformation and loss of cell integrity within 12 h [22] . It is therefore possible that the differential expression of genes/proteins reported by the previous studies was due to a lack of CO 2 and may not reflect the physiological changes in response to aerobic O 2 tension. Huang and Chiou [11] investigated Hp responses to oxidative stress by treating cells with 10 mM H 2 O 2 , which is an artificial condition for the pathogen.
Bury-Moné et al. [3] reported that when inoculated at a high density and supplied with 5% CO 2 , Hp displayed similar growth profiles in liquid cultures under microaerobic and aerobic conditions, suggesting that Hp may not be microaerophilic. We also observed that Hp growth was stimulated by 20% O 2 tension if the cells were supplied with 10% CO 2 , which suggested that Hp is a capnophilic aerobe that requires high CO 2 levels for proper growth [22] . Furthermore, cell culture media grown under microaerobic conditions, but not under aerobic conditions, contained fermentation products including acetate, lactate, and succinate, which is consistent with previous reports that Hp uses both aerobic respiration and fermentation pathways [4, 5, 16, 17, 28] . In this study, we aimed to elucidate the effects of atmospheric O 2 levels on Hp cells by analyzing the gene expression profiles of Hp cultures grown under microaerobic (8% O 2 ) and aerobic (20% O 2 ) conditions in the presence of 10% CO 2 .
MATERIALS AND METHODS

Bacterial Strain and Culture Conditions
Hp strain 26695 was purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured as previously described [22] . Hp cells were precultured for 24 h on Brucella agar plates (Difco, Sparks, MD, USA) containing 10% horse serum (Gibco BRL, Life Technologies, Rockville, MD, USA) at 37 o C in an incubator with 10% CO 2 . The cells were then collected, suspended in Brucella broth (BB) liquid medium to an optical density at 600 nm (OD 600 ) of 1.0, and used as a seed culture to inoculate liquid cultures used for experiments. The cell suspensions were diluted to an OD 600 of 0.1 with BB liquid medium buffered with 10 mM sodium phosphate (pH 6.3) and supplemented with 10% newborn calf serum (NBCS; Gibco BRL). Aliquots (20 ml) were distributed into 100 ml flasks, which were then filled with a gas mixture [N 2 :CO 2 :O 2 = 85:10:5 or 70:10:20 (v/v/v)]. The actual O 2 levels in the culture flasks were 8% and 20%, respectively, as determined using the Oxygen Indicator XP-3180 (New Cosmos Electric, Osaka, Japan). Bacterial cells were cultured at 37 o C with agitation (200 rpm), and one flask of each oxygen condition was taken for cell harvest at each time point. Flasks were refilled with the appropriate gas mixture every 12 h to maintain constant gas conditions.
Oligonucleotide Microarray Analysis
For DNA microarray analysis, Hp 26695 cells were grown in BB-NBCS under 8% or 20% O 2 tension for 6 or 36 h and harvested by centrifugation at 4°C. Total RNA was isolated with TRIzol reagent according to the manufacturer's instructions (Invitrogen, Grand Island, NY, USA) as previously described [6] .
Isolated RNA (500 ng) was used as the template for in vitro transcription and labeled with Cy5 using MessageAmp II-Bacteria (Ambion, Austin, TX, USA). The labeled RNA targets were hybridized to a CombiMatrix CustomArray 4 × 2K chip (Macrogen, Seoul, Korea), which comprised 2,000 probes including 225 control probes and 1529 Hp 26695 genes with duplicates for 246 genes. Microarrays were washed and scanned with an Axon GenePix 4200A microarray scanner (Molecular Devices, Silicon Valley, CA, USA). The primary data were analyzed using Avadis 3.3 software (Strand Life Sciences, Bangalore, India). Raw signal intensities were converted to log 2 values, and median shift normalization was applied. DNA microarray analysis was carried out using two or three RNA preparations obtained from independently grown cultures. Genes showing significantly altered expression under the two O 2 conditions (p ≤ 0.05) were selected, and the fold change in mRNA levels relative to that of the seed culture (0 h) was calculated. Genes showing more than 2-fold changes in expression were grouped into functional categories according to Boneca et al. [1] .
Semiquantitative Reverse Transcription-Polymerase Chain Reaction Analysis
Semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) was carried out using purified total RNA as previously described [6] . PCR was carried out for various cycles to obtain the optimal template amplification for each gene using gene-specific primers (Table S1) , and the resultant PCR products were resolved on ethidium bromide-containing 2% agarose gels, which were scanned on a UV illuminator.
Enzyme Assays
Hp cells grown in liquid media were harvested by centrifugation at 4 o C. Cell pellets were resuspended in 50 mM potassium phosphate buffer (pH7.2) and lysed by sonication on ice using an ultrasonic processor (VC505; Sonics and Materials, Newton, CT, USA). Cell lysates were centrifuged at 13,600 ×g at 4 o C for 20 min, and the protein concentration of the supernatant was measured using a BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) with bovine serum albumin as a standard.
For catalase activity, the conversion of H 2 O 2 into H 2 O and O 2 by cell extracts was determined by measuring the decrease of absorbance at 240 nm, as described by Rupprecht and Schleifer [24] . Cell lysates (50 µg) were added into a quartz cuvette containing 2 ml of 50 mM H 2 O 2 in 50 mM potassium phosphate buffer. The OD 240 was measured at 10 s intervals for 2 min and the catalase activity of extracts was calculated from a standard curve obtained using bovine liver catalase (Sigma, St. Louis, MO, USA).
The superoxide dismutase (SOD) activity of extracts was determined using the SOD Assay Kit-WST according to the manufacturer's instructions (Dojindo Molecular Technologies, Gaithersburg, MD, USA). Ten micrograms of cell extracts in a volume of 20 µl was mixed with WST solution (200 µl) and enzyme solution (20 µl) in a 96-well microplate, and incubated at 37 o C for 20 min. The OD 450 was measured using a microplate reader (TECAN, Männedorf, Switzerland), and the SOD activity for each reaction mixture was calculated from a standard curve obtained using bovine erythrocyte SOD (Sigma).
Statistical Analysis
To identify genes differentially expressed in response to aerobic O 2 tension and culture time, microarray data were analyzed by two-way ANOVA using the Avadis 3.3 software (95% confidence interval). A two-tailed Student's t-test was used to determine differences between two groups, and p < 0.05 was considered significant.
RESULTS
Global Gene Expression Profiles of Hp Cells in Response to Aerobic O 2 Tension
We investigated the effects of aerobic O 2 tension on Hp gene expression using oligonucleotide microarrays. Hp cells were cultured in liquid media filled with gas mixtures containing 10% CO 2 plus 5% O 2 or 20% O 2 for microaerobic and aerobic conditions, respectively, but the actual O 2 levels in the culture flasks were determined to be 8% O 2 and 20% O 2 , respectively. In our previous study, both Hp cultures grown under 8% or 20% O 2 tension appeared to undergo a transition from lag to early log phase at 6 h, but the growth of the aerobic culture was slightly lower than the microaerobic culture, indicating a longer lag period under an aerobic condition [22] . A maximum growth difference between the two cultures was observed at 36 h. Therefore, it was expected that these time points would reveal best the effects of O 2 tension on the gene expression profiles of Hp. Of the 1,529 Hp genes on the microarrays, 482 genes exhibited significant changes in mRNA level in response to 20% O 2 at either 6 or 36 h, compared with the seed culture, and 1,083 genes showed differential expression between these two time points (Fig. 1A) . The clustering analysis displayed more prominent changes in gene expression of the cultures grown under 20% O 2 condition than those grown under 8% O 2 condition (Fig. 1B) .
Response of Diverse Groups of Functionally Related
Genes to the Aerobic Condition Genes displaying altered expression under the aerobic condition were classified into functional groups (Fig. 2) . Groups showing the greatest changes were those involved in energy metabolism, cellular processes, cell envelope synthesis, transport and binding, and protein fate. As expected, several oxidative stress-associated genes, including those encoding thiol peroxidase (tagD), catalase (katA), arginase (rocF), methionine sulfoxide reductase A/B (msrA), and katA-associated protein (HP0874), were significantly up-regulated under the aerobic condition at 36 h ( Fig. 2A and Table S2 ). Among them, tagD showed the highest increase by 13. condition. Interestingly, the expressions of these genes were not induced under aerobic O 2 tension at 6 h but instead repressed. Other genes involved in detoxification during oxidative stress such as bacterioferritin comigratory protein (bcp), neutrophil-activating protein (napA), sodB, thioredoxin A (trxA), thioredoxin B (trxB), and alkyl hydroperoxide reductase (ahpC) were unchanged or showed less than 2-fold changes in mRNA level. We carried out RT-PCR analysis of these genes to confirm the data obtained by microarray analysis (Fig. 3A) . The mRNA level of ureB was similar between the two O 2 conditions until 36 h, but decreased slightly thereafter in the aerobic culture. Expressions of katA, tagD, and msrA decreased progressively under 8% O 2 . In contrast, their mRNA levels remained high under 20% O 2 until 48 h. The rocF gene, whose expression was low throughout the culture period under 8% O 2 , was induced 4.5-fold at 24 to 36 h under 20% O 2 , but decreased thereafter.
Genes displaying the greatest change in expression under the aerobic O 2 condition were those associated with energy metabolism (Fig. 2B and Table S2 ). At 6 h, the mRNA levels of these genes in cultures grown under 20% O 2 were lower than those of the seed culture. In particular, those involved in electron transport (cytochrome c oxidase subunits fixO and fixP; quinone-reactive Ni/Fe hydrogenase subunits hydA, hydB, hydC, and hydD; ubiquinol cytochrome c oxidoreductase subunit fbcH) and glycolysis (glucokinase glk, triosephosphate isomerase tpi) were repressed by 2-fold compared with cultures grown under 8% O 2 . These results suggested that the cells were not metabolically active under this condition. At 36 h, however, most of the 482 O 2 -responsive genes were either significantly induced or repressed in the cultures under 20% O 2 condition. The expression levels of genes involved in electron transport and ATP synthesis in cells grown under 20% O 2 condition were two to five times lower than those grown under 8% O 2 condition. In contrast, genes involved in the tricarboxylic acid cycle, glycolysis/gluconeogenesis, and the Entner-Doudoroff pathway were up-regulated 4-to 6-fold under the aerobic condition. RT-PCR analysis of three genes encoding fumarate reductase iron-sulfur subunit (frdB), NADH dehydrogenase subunit M (nuoM), and ATP synthase subunit A (atpA) revealed their high mRNA levels under 20% O 2 condition until 12 h. However, they decreased rapidly thereafter and became almost undetectable at 36 h (Fig. 3B) . These data indicated that the expression of genes involved in aerobic respiration was downregulated in a growth-phase-dependent manner, whereas those required to extract energy from cellular substrates remained high to later stages of the cell cycle.
In the aerobically cultured cells, pathogenesis-associated genes encoding Cag pathogenicity island proteins (cag21, cag20, and cag24) were induced (Fig. 2C) . Several transport proteins were also up-regulated under 20% O 2 condition at 36 h. In particular, expression of the gluP gene encoding glucose/galactose transport was 11.5-fold higher compared with the 8% O 2 culture (Fig. 2D and Table S2 ). In a previous study, we observed that the glucose level decreased markedly in the culture grown under 20% O 2 and was almost undetectable by 36 h [18] , which may account for the gluP up-regulation.
Effects of Aerobic O 2 Tension on Anti-Oxidative Enzyme Activity
Numerous studies reported induction of anti-oxidative enzymes in Hp cells exposed to atmospheric O 2 condition [13, 32] . We determined the catalase activity in the lysates of Hp cells cultured under 8% or 20% O 2 condition. The catalase activity of Hp cells grown under 20% O 2 was similar to that of 8% O 2 culture until 24 h (Fig. 4A) . At 36 h, it was highly induced and became two times greater than the 8% O 2 culture but decreased rapidly at 48 h. In contrast, the catalase activity of 8% O 2 culture continued to increase until 48 h. These results suggested that induction of catalase activity in Hp cells correlates more with bacteria growth stages rather than direct induction of gene expression by the aerobic O 2 condition. We also measured the SOD activity and found that the SOD activity of Hp cells cultured under the two O 2 conditions remained similar throughout the culture period (Fig. 4B) .
DISCUSSION
Hp has long been considered microaerophilic because it converts to a nonculturable coccoid form upon exposure to the atmospheric O 2 environment. In a previous study, we observed that 20% O 2 tension promoted Hp growth in the presence of 10% CO 2 and showed that lack of CO 2 , but not aerobic O 2 tension, induced the stringent response in Hp cells, leading to coccoid transformation [22] . Scanning electron microscopy analysis revealed healthy spiral bacteria, which maintained intact membrane integrity, as determine by fluorescent dye staining [22] . The O 2 tolerance of Hp was consistently observed with several different Hp strains including two clinical isolates, suggesting that O 2 tolerance is a characteristic of Hp [22] .
In this study, to determine the effect of aerobic O 2 tension on Hp physiology, we compared the gene expression profiles of Hp cells cultured under microaerobic and aerobic O 2 conditions using DNA microarray analysis. The results revealed an overall repression of gene expression under aerobic O 2 tension at 6 h, when compared with microaerobic cultures as well as the seed culture. Considering that the seed culture used for experiments was grown on agar plates in a 10% CO 2 incubator under ambient atmosphere, this result was opposite to what is generally expected with bacterial cultures. In a previous study, we observed that Hp cells inoculated to an OD 600 of 0.1, corresponding to 5 × 10 7 CFU/ml, showed a lower growth rate at 6 h under 20% O 2 condition than under 8% O 2 condition, suggesting an initial repression of Hp growth by the aerobic O 2 level. Reduction in the density of bacterial inoculum further extended lag periods under aerobic O 2 condition, and the culture seeded at a density of 3 × 10 4 CFU/ml showed barely detectable growth under 20% O 2 until 48 h, but subsequently grew exponentially [22] . It is thought, thus, that the repressed gene expression of Hp cultures under aerobic O 2 may account for the prolonged lag phase under this condition. In particular, repression of energy metabolism-associated genes in the aerobic cultures suggested an inactive metabolism of the cultures.
Thompson et al. [27] analyzed the global pattern of growth-phase-dependent gene expression of Hp cells cultured under microaerobic conditions using DNA microarrays. Cluster analysis of the expression profiles revealed a major switch in gene expression during the late log-to-stationary phase transition. During this stage, a large number of genes, including genes associated with virulence as well as those involved in energy metabolism and cellular processes, were highly up-or down-regulated. In our study, the gene expression profiles of the aerobic and microaerobic cultures were similar to those reported by Thompson et al. [27] Considering the extent of gene upregulation and down-regulation, the aerobic cultures appeared to have progressed further in growth cycle than the microaerobic cultures. These data indicate that aerobic O 2 tension stimulates the growth of Hp culture. In the culture conditions used for this study, fermentation products were detected in the cell culture media grown under 8% O 2 conditions, but not under 20% O 2 conditions, which indicated that Hp cells utilize both aerobic respiration and fermentation under microaerobic condition but use aerobic respiration only under aerobic condition [22] . Since aerobic metabolism is far more efficient in producing energy than fermentation, it is very likely that cultivation of Hp cells under 20% O 2 results in more rapid cell growth.
Catalase and SOD are two typical enzymes used by bacteria to defend against oxidative stress conditions. In Escherichia coli, two catalases called HPI and HPII are produced, and only HPI expression is induced upon exposure to oxidative stress [25] . Expression of both genes are induced in a growth-phase-dependent manner, and their expression levels are 10-fold higher in stationary phase than exponential phase cultures. In this study, we examined the expression of katA and sodB and measured their enzyme activities under microaerobic and aerobic conditions. Expression of the katA gene was significantly induced in response to aerobic O 2 tension. The enzyme activity of culture lysates, however, was not induced by an aerobic level of O 2 , but was highly regulated in a growthphase-dependent manner. In contrast to catalase, aerobic O 2 tension had no major effect on sodB gene expression or SOD enzyme activity. These data suggest that the two typical anti-oxidative enzymes are regulated in a way similar to those of E. coli, a facultative anaerobic bacterium.
The natural habitat of Hp is the human stomach, which is under a microaerobic and high CO 2 condition. Hp is contagious, but the exact route of transmission has not been clearly elucidated. Person-to-person contact is considered the most likely transmission route [2] . Hp has been isolated from the feces, saliva, and dental plaque of some infected people. Consumption of contaminated food or water is also a possible route of Hp transmission [2] . An aerobic O 2 level significantly prolonged the survival of Hp, even in the absence of CO 2 supply [22] . Therefore, the O 2 tolerance of Hp would affect the survival of Hp during transmission, which has a significant meaning in its epidemiology. Despite of the extensive studies on this pathogen, the pathogenesis of Hp infection has not been clearly established yet. Understanding the real physiology and energy metabolism is important in developing tools for the treatment and prevention of infection. For instances considering the aerobic nature of Hp, exposing an Hpinfected area to high O 2 flux would not help Hp eradication. Many clinical laboratories grow clinical isolates in a 10% CO 2 incubator, which provides an aerobic-level environment. However, the O 2 level influences the antibiotic sensitivity of Hp to metronidazole, a major antibiotic for Hp treatment regimens [10] . Hp is a fastidious pathogen that is difficult to grow. It is generally cultured under microaerobic conditions using a GasPak or CO 2 chamber to achieve adequate growth, and its cultivation can be difficult and cumbersome. Significant efforts have been made to increase the efficiency of Hp cultivation. Knowledge of the aerobic nature of Hp would eliminate the need to control the O 2 tension for Hp cultivation, which may make it substantially easier for researchers to perform experiments or workers to ferment this fastidious pathogen at a large scale.
In summary, the results obtained in this study showed the differential expression of diverse groups of genes in response to aerobic O 2 tension in Hp, which may be more attributable to faster growth rates promoted by higher energy metabolism rather than direct induction of gene expression by aerobic O 2 tension. Based on these data, we concluded that an aerobic O 2 condition is not detrimental to Hp growth, but rather stimulated Hp growth, supporting our previous finding that Hp may be an aerobic bacterium that requires a high CO 2 level for its growth.
